Abstract-The motion of biological micro-robots -similar to that of swimming microorganisms such as bacteria or spermatozoa -is governed by different physical rules than what we experience in our daily life. This is particularly due to the low-Reynolds-number condition of swimmers in micron scales. The Quadroar swimmer, with three-dimensional maneuverability, has been introduced for moving in these extreme cases: either as a bio-medical micro-robot swimming in biological fluids or a mm-scale robot performing inspection missions in highly viscous fluid reservoirs. Our previous studies address the theoretical modeling of this type of swimmer system. In this work, we present the mechatronic design, fabrication, and experimental study of a mm-scale Quadroar swimmer. We describe the design methodology and component selection of the system based on the required performance. A supervisory control scheme is presented to achieve an accurate trajectory tracking for all the actuators used in the swimmer. Finally, we have conducted experiments in silicone oil (with 5000 cP viscosity) where two primary modes of swimming -forward translation and planar reorientation -have been tested and compared with the theoretical model.
will not accelerate the organism [1] , [2] . The same problem exists for robotic swimmers in these extreme conditions.
Several designs can be found for artificial low-Reynoldsnumber swimmers in the literature: multiple-link mechanisms [1] , linked spheres [3] , swimmers with helical propellers [4] , and the Quadroar [5] . Among these systems, linked spheres are hard to manufacture (especially threedimensional ones) because they need assemblies of linear actuators with relatively long stroke lengths. Helical swimmers are the easiest to realize using 3D printers that use twophoton polymerization [6] , but they have only one degree of freedom and path planning (as one may need to realize concealed swarms [7] ) for them is impossible. Multiplelinked mechanisms are easier to manufacture and operate because they need only rotary actuators, but their motion is confined to 2D space -to the best of our knowledge, swimmers with 3D linkages have not been introduced.
The Quadroar swimmer has four rotating paddles and a chassis that can expand and contract linearly (see Fig. 1 ). Possible pathways towards the realization of the Quadroar in micron and sub-micron scales have been discussed in Ref. [5] . In this paper, we report the design, fabrication and control of a mm-scale Quadroar. The swimmer's paddles and linear actuator are equipped with feedback control systems and Hall effect sensors. It can transmit data with a central computer through a USB cable. As the final step, we have tested the swimmer prototype in silicone oil (to achieve a low Reynolds number regime) and studied its behaviour for two primary modes of operation: (i) Forward Translation;
and (ii) Planar Reorientation (see Fig. 2 ).
Potential applications of this artificial low-Reynolds swimmer range from robotic inspection of oil tanks and environmental monitoring/remediation, to multi-agent drug delivery systems through blood vessels. Our artificial micro-swimmer can induce chaotic mixing [8] 
Where all geometric properties of the disk are gathered in two tensors: the translation tensor K i and the isotropic tensor G [5] . A self-propelled swimmer in low-Reynolds regime must be force-free and torque-free. Thus, balance of force and torque require µ ∑ Ω Ω Ω. Therefore, the force-and torque-balance equations can be combined and expressed as [5] :
Detailed expressions for elements of the resistance matrix, C mn , and the forcing vector f m (m,n ∈ {1, 2}), are given in our earlier publication [5] . Eq. (2) consists of two non-linear ordinary differential equations, with parametric and external excitation. Once this non-linear system is solved for V V V c and
Ω Ω Ω, trajectory of the swimmer and its orientation (α α α) in time can be found through integrating:
where T is the transformation matrix [5] . For a detailed description of governing equations, numerical techniques which have been used in order to get the theoretical results, and different operation modes, the reader is referred to our previous studies (see e.g. [5] , [8] , [11] , [12] ).
In practice, behavior of the swimmer is controlled by five control inputs: rotation rate of the four paddles and motion of the linear actuator. Through these five degrees of freedom, the Quadroar swimmer is able to move along transverse or forward straight lines, and perform re-orientation maneuvers about all of its body-fixed local axes [5] . Thus, the swimmer has full 3D maneuverability and is able to track any prescribed path in space by means of step-wise control strategies. This may potentially address some of the main challenges that biological micro-robots are facing today [13] . 
III. DESIGN OF A MM-SCALE QUADROAR SWIMMER
In this work, we designed, fabricated and tested a mmscale swimmer system according to the proposed Quadroar architecture. We used highly viscous silicone oil to generate a low-Reynolds-number condition since the swimmer size is in mm range. The swimmer system is composed of four rotating disks attached at the ends of its front and rear axles.
These axles are located on a variable length chassis (see Fig.   3 ). Five mm-size brushed DC geared motors are used to spin the disks relative to the swimmer body and to achieve linear expansion/contraction between the front and rear parts of the chassis. Additionally, a sensory system is used to measure 
A. Main Body and Chassis
The main body of the swimmer consists of two rectangular-shape sections (front and rear). Since most of the components installed on the swimmer (i.e. DC motors, magnetic encoders, lead-screw mechanism, etc.) have a density higher than that of silicone oil, a low-density machinable foam with a density of about 0.2gr/cm 3 is used to fabricate the body of the swimmer. The density of the swimmer is approximately 0.95gr/cm 3 , suitable for submerging in the silicone oil. A lead-screw mechanism with two guide rails and a small geared DC motor to turn the lead-screw is deployed to achieve linear expansion/contraction between the front and rear sections (see Fig. 4 ). Fig. 4 : A lead-screw mechanism is used to generate the expansion/contraction motion between the front and rear sections of the swimmer.
B. Motors and Motor Drivers
In low Re regimes, the required torque τ max to turn a thin circular disk with radius a in a background liquid with dynamic viscosity of µ can be calculated as τ max = 6µa 3 ω
[2], where ω is the angular velocity of the disk. Based on the above equation, in order to achieve a maximum angular speed of 25rad/s with a 4cm diameter thin disk in a liquid with 5000cP viscosity, a 6N.mm torque is needed.
Considering this maximum torque along with complexity in driving 1 , cost and compactness, a geared DC motor [16] was selected which has a 6mm diameter, 19mm length and can provide 6N.mm torque 2 at 5V (see Fig. 4 ). Three dual Hbridge DC motor controllers (TB6612FNG from Toshiba) are used to control these motors in both directions. Each driver works with a 5V electric power supply, and is capable of applying a maximum continuous current up to 1.2A. Motor angular speed can be controlled through a PWM signal where the duty ratio determines the angular speed of the motor.
C. Sensory System
An accurate angular position and phase lag between the swimmer paddles and the chassis expansion is crucial to achieve propulsion and navigation in the background liquid.
Consequently, an effective sensory system is necessary to measure the relative angles between each paddle and the swimmer body as well as chassis expansion length. Here, we used the AS5048A rotary magnetic encoder chip [17] , which measures the absolute position of the magnet's rotation angle and consists of four Hall effect sensors located at its corners.
It has a resolution of 14bit per revolution (i.e. 0.02 degree) and a small package size (4x6x1mm).
To measure the paddle angle, a magnetic ring 3 needs to be attached to the paddle shaft while the encoder chip is in front of and centered with the ring. However, in our swimmer system, neither of the paddle shaft ends are available to attach a magnetic ring while it faces the encoder chip.
Therefore, the chip has to be placed with an offset (8mm) from the ring (see Fig. 5 ), though the offset will disable the encoder from measuring the angle. To solve this issue, a small ferromagnetic cylinder is attached on the encoder chip. The magnetic ring on the paddle shaft will induce a magnetic field inside the cylinder. While the paddle shaft and magnetic ring combination is turned, the magnetic encoder chip can indirectly estimate the paddle angle by measuring the induced field in the ferromagnetic cylinder. fully assembled microswimmer system is shown in Fig. 3 .
IV. CONTROL ARCHITECTURE
The sampling rate between the micro-controller and sensors/actuators is more than 300Hz, while the communication rate between the micro-controller and the computer (attached via USB cable) is only 50Hz. Therefore, a hierarchical control scheme (c.f. [14] ) is used here to improve the performance of the trajectory tracking (see Fig. 6 ). The twolevel control structure in this paper is a multi-rate system with the higher level controller (i.e. Simulink) updating the reference signal at 50 Hz and the lower level controller (i.e.
on-board micro-controller) closing the loop at 300 Hz [15] .
This control architecture improves the system performance by a fast and accurate tracking of the paddle angles and chassis expansion/contraction. 
V. EXPERIMENTAL RESULTS

A. Comparison between the experiment and theory
After identifying and resolving minor mechanical and electrical bugs in the device, the swimmer system has been submerged and tested in a tank of silicone oil. Experimental tests for the two primary modes (i.e. forward translation and planar reorientation) have been conducted, and the dynamic behaviour of the swimmer system is compared with the theoretical model developed in our past studies [5] . Several videos of these experimental tests can be found at [18] . swimmer frame size which generates additional drag force;
(ii) effect of the tank's walls and bottom surface; and (iii) tension in the data/power cable connected to the swimmer. speed) but not its stroke. In planar reorientation, note that trajectories belong to the marker point (Fig. 8) , since motion of the swimmer's centroid is negligible in our experiments.
VI. CONCLUSIONS
We designed, fabricated, and experimentally tested a mmscale low-Reynolds-number swimmer, called the Quadroar.
The swimmer was first introduced in our previous works, and is composed of four independent paddles (Quadro+oar) and a chassis capable of expanding/retracting. The swimmer body The swimmer is translating forward in x direction (c.f. Fig. 2-a) ; Bottom: The swimmer is reorienting counter-clockwise in x-y plane (c.f. Fig. 2-b) . Solid lines represent trace of the marker on the swimmer.
